The adsorption of certain chiral amino acids from aqueous solution onto β-cyclodextrin silica particles (CDS) had been investigated with the aim of in-depth understanding of the host-guest interaction. The adsorption intensity was found to be strongly dependent on the aqueous phase pH and this dependence could be interpreted from a model for neutral species adsorption in all cases. Adsorption equilibrium data fitted well to the Freundlich isotherm. The adsorption efficiencies of L-amino acids were found to be higher compared to the corresponding D-isomers. Hydrogen bonding and hydrophocities of amino acids were responsible for the differences in adsorption, by influencing the strength of interactions between the amino acid and CDS. The adsorption rate curves for all the molecules appeared to be typical of the pseudo second-order kinetics. Infrared spectral analysis has been performed to characterize adsorptive interaction. The porous structure of CDS as revealed by scanning electron micrograph thus shown to be promising materials for enantioselective separation of amino acids. In addition, molecular modeling studies performed on such molecules were found to correlate very well to the experimental results obtained.
Introduction
Chiral amino acids are one of the most important biomolecules because of their relevance in nature and their chemical richness. It is well known that in nature amino acids occur in L-forms and they play an important role in the food and pharmaceutical industries. It may be important to be able to detect the presence of D-amino acids in biological systems [1] . The amount of certain D-amino acids in various types of samples has been found to be of relevance for many aspects of biochemical and molecular biological research [2, 3] , in the control of food and beverages [4] , as well as in age determination [5, 6] . Therefore, chiral analysis of D/L-amino acids is of increasing importance in biological science. Various chiral separation methods are available for the enantiomeric resolution of amino acids. Methods based on chiral ligandexchange [7] [8] [9] [10] and on the formation of inclusion complexes with cyclodextrins have received the most attention [11] [12] [13] . Cyclodextrins (CD) were employed in their native form or after modification by methylation, acetylation or by binding other structural moieties to the hydroxyl groups of the glucose [14] [15] [16] . The unique hostguest chemistry of CDs is highly conducive to the selective uptake of organic molecules from aqueous systems [17] [18] [19] [20] . CDs themselves, are highly water soluble, and must therefore be processed into solid forms before they can be implemented into usable separation technology.
β-Cyclodextrin (β-CD) is a cyclic oligosaccharide with seven glucose units, with its cavity structure, and can form an inclusion complex with certain molecules through a host-guest interaction. The conical shape of β-CD molecule results in well-defined hydrophobic cavity with top and bottom diameters of 6.5 and 6.0 Å that can accommodate the inclusion of various organic molecules with suitable geometry and function [21] . Figure 1 shows the chemical structure of β-CD. The chiral nature of the cavity in these molecules makes them useful for enantiomeric separation applications. Polymeric sorbents have been extensively tested for amino acid adsorption [22] . The β-CD polymer has been shown to be a good sorbent for amino acids in our previous study [23] . Tang et al. [24] have studied the application of cross-linked β-CD polymer for adsorption of aromatic amino acids.
In this paper, we report both experimental and theoretical results on adsorption behaviour of certain chiral amino acids on β-CD bonded to silica gel with emphasis on understanding the host-guest interaction and such a study will be useful for better understanding of the chiral recognition mechanism of amino acids by β-CD bonded silica gel as a selective sorbent. Also we have character- ized the amino acid-β-CD complex by UV-Visible (UVVis) spectroscopy.
Experimental

Materials
The amino acids used in this study namely D-phenylalanine, L-phenylalanine, D-tryptophan, L-tryptophan, Dtyrosine and L-tyrosine (guests) were obtained from Sigma-Aldrich Chemicals Pvt. Ltd., USA. β-CD was obtained from Hi Media Laboratories Pvt. Ltd., Mumbai, India. The silica gel of 60 -120 mesh size was obtained from SRL Pvt. Ltd., Mumbai, India. We have chosen this particular silica gel because of its highly porous structure and appropriate physical and chemical properties to achieve both adequate loading capacity and high-binding capacities. Moreover, it is an efficient adsorbent for separation of organic compounds by chromatographic methods. 3-Glycidoxypropyltrimethoxysilane was also obtained from Sigma-Aldrich Chemicals Pvt. Ltd., USA. The other reagents used as buffer (sodium phosphate, sodium acetate, sodium carbonate and sodium chloride) were supplied by Qualigens, India (Mumbai) and were of analytical grade.
Preparation of β-CD Bonded Silica Stationary Phase (CDS)
CDs are highly soluble in water and so must be to some solid form before implementing them to adsorption technology. CD containing polymers are useful materials for selective adsorption or separation of organic compounds. For that reason, we have synthesized a polymer (i.e. CDS) as reported in our earlier work [23, 25] in which β-CD is bonded to silica particles. Briefly, 1.145 gm of β-CD was dissolved in 25 ml of dry dimethyl formamide (DMF), to which 0.1 gm of metal sodium was added. The reaction was allowed to occur with stirring at room temperature for about 30 min. After filtration, 0.45 ml of 3-glycidoxypropyltrimethoxysilane was added to the filtrate, which was allowed to react at 90˚C for 5 h. Then, 5.0 gm of silica gel was added, and the mixture was allowed to react for 10 h at 80˚C -100˚C. The CDS was filtered, and washed with DMF, methanol, doubly distilled water and acetone in sequence. Subsequently, the CDS was dried at 120˚C for 3 h, and kept in a desiccator before use.
Equilibrium Isotherms and Adsorption Rate
Equilibrium isotherms were obtained by contacting 25 ml of aqueous amino acid solution with different amounts of CDS in a thermostated shaker bath controlled at 25˚C ± 0.5˚C. The pH of the solution was varied between 3 and 9 using appropriate dose of buffer. The initial concentration of amino acid in the aqueous solution was varied between 5 and 10 mM. The equilibration time was 8 -10 h. After equilibrium was achieved, the mixture was allowed to settle and the supernatant liquor was filtered to remove any particulate matter. ), V is the solution volume (l) and W is the weight of adsorbent (g).
Experiments on adsorption rate were conducted in a stirred constant volume vessel similar to that used in our previous work [26] . The liquid volume was 100 cm 3 with 3 -3.5 gm of CDS sample. The initial concentration of amino acid was taken between 10 and 15 mM at 25˚C ± 0.5˚C. The liquid volume was monitored at equal time intervals till equilibration.
UV-Vis Spectroscopy
The UV-Vis spectra were recorded with a Varian Cary 50 Bio (Sweden) UV-Vis spectrophotometer using quartz cells, between 200 and 400 nm. In the experiments of guests with β-CD (host), the concentration of the host was varied from 1 × 10 −3 M to 12 × 10 −3 M while the concentration of the guest was kept constant at 2 × 10
M. The mixtures were stirred at 25˚C at a speed of 280 rpm for 4 h and the supernatant was analysed by UV-Vis spectrophotometer.
Instrumental Studies
FT-IR spectra were obtained by the KBr method using PerkinElmer, model Spectrum One. Morphological features of samples were obtained with a LEO 1430 VP Scanning Electron Microscope.
Molecular Modeling Studies
The inclusion process involving the guests and host (β-CD) was investigated by using the Parametric Model 3 (PM3) quantum-mechanical semiempirical method. All theoretical calculations were performed using GAUS-SIAN 09 software package [27] . For all the systems, a full geometry optimization was done at the PM3 level. Using standard bond lengths as the initial input, the carbon chains or rings in the guest molecule was vertically inserted into the cavity of the hosts along the middle axis from the large rim of hosts in CHEM 3D. Stabilization energy (ΔE) upon complexation between guests and the host were calculated for the minimum energy structure according to Equation (1) [28]  
where E complex , E guest and E host represent HF energies (heats of formation) of the complex, the free amino acid and the host, respectively.
Results and Discussion
Adsorption of Amino Acids onto CDS
The amino acids studied have molecular structures and pKa valiues shown in Figure 2 . The molecular volume and weight of the above enantiomers calculated using Alchemy 2000 software are given in Table 1 . The adsorption isotherms of the above mentioned molecules are shown in Figures 3(a) and (b). It could be seen from Figure 3 that the adsorption of the amino acids on CDS increased in the following order: D-tyrosine < L-tyrosine < D-phenylalanine < L-phenylalanine < D-tryptophan < L-tryptophan. The pH dependence of the adsorption is of importance as the pH determines the extent of ionisation of the amino acid molecules, thereby affecting the ad- sorption affinity. The pH dependence could be interpreted by considering the adsorption affinity, expressed as the slope of the linear region of the isotherm (q/C e ). Table 2 shows the variation of q/C e with pH and inferred a strong relationship, the affinity being considerably low at high pH under which the amino acids exist in dissociated forms. The behaviour was akin to that observed in the case adsorption of the beta-lactams on polymeric resins and activated carbon [29] . Since the concentration of neutral form of the amino acid (C n ) was related to pH and the total concentration by HendersenHasselbach relationship [30] : model for neutral species adsorption and can well represent the pH variation.
The pH dependence of the affinity is more important, in that neutral form of the amino acids could be considered to have a high adsorption affinity. The reduction in adsorption capacity of various amino acids with increase of pH had been interpreted from a model incorporating hydronium ion concentration and dissociation constant [31] attributable to both the carboxylic and amino functional groups. At low pH, the amino acids are markedly hydrophobic and the hydrophobic interaction of the undissociated amino acids would be greater than the corresponding ionic form that exist at high pH. Thus, the observation of high q/C e at low pH implied the probable role of hydrophobic interaction. Estimated on the basis of the proposed hydrophobicity scale [32] , the hydrophobicity of the beta-lactams was found to increase in the same order: L-tyrosine < Ltryptophan < L-phenylalanine. Thus, the relative difference in adsorption affinity could not be explained only on the basis of hydrophobicity of amino acids as L-tryptophan showing higher adsorption is less hydrophobic compared to L-phenylalanine. The difference in adsorption may perhaps be explained on the basis of the formation of the hydrogen bonded network and the suitability in space between the host and guest molecules (i.e. the amino acids and CDS).The adsorption of L-enantiomers are higher than their corresponding D-forms. This difference in adsorption behaviour of CDS for the enantiomeric species may be due to the number and types of hydrogen bond formed as well as the extent of penetration of amino acids to the torous cavity during the formation of surface supramolecular complex. CD has the chiral binding microenvironment formed by many chiral atoms. That is why β-CD can bind chiral enantiomers. Such inference will further be clear from the discussion on molecular modelling, Fourier Transform Infrared (FTIR) and UV spectroscopic studies to follow.
Freundlich isotherm (Equation (3)) was used to describe equilibrium adsorption data, because different energy adsorption sites are expected in the polymeric network [33] .
where K f is the Freundlich constant, Lg
; and 1/n is the Freundlich constant characteristic of adsorption intensity. The fitting parameters for the Freundlich isotherm by non-linear regression analysis are shown in Table 3 . The Freundlich isotherm was found to be consistent for adsorption of amino acids on cross-linked β-CD polymer [24] .
Adsorption rate curve for amino acids on CDS were generated at a stirring speed of 800 rpm as shown in Figure 5 . Mathematical models of pseudo-first by Lagergren and pseudo-second by Ho-McKay [34] reaction orders have been used to describe kinetic process of physical adsorption of aromatic acids ( Table 4) . The values of rate constants calculated from the linear plots of pseudo-first and pseudo-second kinetic equations shown in Table 5 . It can be seen from Table 5 that the sorption of amino acids is more consistent with kinetic model of pseudo-second order: the correlation coefficient values for pseudo-second order equation are greater than for pseudo-first order one. 
UV-Vis Spectroscopic Studies
UV-Vis spectrophotometric studies on the interactions of guests with host enabled the determination of stability constants of inclusion complexes when their formation gave rise to appreciable spectral changes. Upon addition of host, to the guests absorptivity increased in each case and the increase was significant with higher added concentration. The wavelength corresponding to maximum of absorbance (λ max ) of free amino acids and their corresponding changes upon complexation with β-CD are listed in the Table 6 . The shifts towards lower wavelength in the spectra of the complexes may be attributable to the formation of hydrogen bonds. Because hydrogen bonding lowers the energy of "n" orbitals, a hypsochromic shift (blue shift) was observed. L-phenylalanine-β-CD complex showed blue shift whereas no prominent changes were observed in case of D-phenylalanine. The blue shift was found to be significant in case of L-tryptophan-β-CD complex whereas D-tryptophan did not show any such changes. The L-tyrosine-β-CD complex showed blue shift but red shift have been noticed in case of D-tyrosine-β-CD complex. Thus, β-CD was found to be suitable as complexing agent for all the three chiral aromatic amino acids but formed greater number of hydrogen bonds with L-amino acids compared to D-amino acids, which will be more clear from molecular modelling studies performed on such complexes. The lack of selectivity towards phenylalanine may be due to lower number of hydrogen bonding sites in this molecule compared to the other two amino acids. Though UV-spectrometry is not conclusive to determine selectivity but from the changes we can infer that β-CD and its derivatives may be hopeful for chiral enantiomeric separation of molecules like tryptophan and tyrosine (see Figure S1 in the Appendix).
Determination of Formation Constants of the Inclusion Complexes of Host with Guests
The determination of formation constants (K) of the host to the guests were realized by UV-Vis spectroscopy titration experiments. The K values were calculated by applying least-squares fit to the plots of ( 
where, [guest] and [host] are the equilibrium concentrations of guest and hosts, respectively. Δϵ is the difference between the extinction coefficients of free and complexed guest. ΔA is the difference between the absorbances of free and complexed guest at the same wavelength. Figure 6 shows the plots of ([host] [guest])/ΔA M. A linear least-square fitted to the plots. The K values of inclusion complexes of host with guests were determined from the slopes and intercepts of the linear plots based on the Equation (4). The calculated K values of the inclusion complexes are summarized in Table 7 . For all the four inclusion systems, the dependencies were linear in the investigated concentration range, confirming that the stoichiometries of the inclusion complexes in solution were 1:1 [37, 38] .
For the amino acids studied, the changes in K values reflected the same order as adsorption affinity, which suggests that the equilibrium of adsorption is a strong function of the strength of the solute-sorbent binding interaction. It is now apparent that the observed differences in adsorption affinity for various amino acids on CDS cannot be merely explained on the basis of hydrophobicity.
Characterisation of Unloaded and Amino
Acids/CDS Loaded Adsorbent
FTIR Spectroscopic Studies
FTIR analysis permits spectrophotometric observation of the adsorbent surface in the range 450 -4000 cm
, and serves as a direct means for identification of the functional groups on the surface. An examination of the adsorbent surface after adsorption reaction possibly provides information regarding the surface groups that might have participated in the adsorption reaction and also indicates the surface sites on which adsorption has taken place.
The FTIR spectra of polymer showed a characteristic absorption band at 3481 cm −1 due to O-H stretching vibration. The absorption peak at 1645 cm −1 possibly due to the presence of hydroxyl groups that were part of an aromatic system; vibration bands of O-H were also visible at 1088 cm 
Scanning Electron Micrographic (SEM) Study
The scanning electron micrographs for the CDS, Ltryptophan and L-phenylalanine adsorbed on CDS are presented in Figure 7 . SEM analysis of polymer showed aggregates of irregularly shaped polycrystalline samples (Figure 7(a) ) and the SEM of internal structure of the CDS (Figure 7(b) ) showed porous structure which should significantly increase the available surface area of the CDS and, therefore, increase the adsorption capacity. L-tryptophan-CDS complex (Figure 7(c) ) showed polycrystalline structures in which some threadlike structures have been found to be embedded onto the polymer surface and that of L-phenylalanine-CDS complex ( Figure  7(d) ) different from the morphology of the polymer indicating adsorption of amino acid molecules onto the porous surface of CDS.
Molecular Modeling Studies
Intensive theoretical works have been performed over the past few years on CDs owing to their conformational flexibility and large size. Parametric Model 3 (PM3) has been chosen to study host-guest complexes between β-CD and three important chiral amino acid molecules: phenylalanine, tryptophan and tyrosine. Due to the molecular size, PM3 is a powerful technique which can be currently applied and performs better than Austin model 1 (AM1) in biochemical systems due to its improved description of the interactions between non bonded atoms, e.g. hydrogen bond and steric effects [39] . The PM3 optimized structures of these complexes are schematically illustrated in Figure 8 . L-phenylalanine, D-phenylalanine, L-tyrosine, D-tyrosine and L-tryptophan all were found to enter through the narrower rim of the CD cavity whereas D-tryptophan entered to the cavity through the wider rim during complexation and stronger hydrogen bonding interactions had been found in case of tyrosine-β-CD, and tryptophan-β-CD complex compared to phenylalanine-β-CD complex. L-amino acids were found to penetrate more to the cavity of the CD molecule compared to its D-enantiomer thereby enhancing the interaction sites to come in a suitable position for interaction. Hydrogen bonding and hydrophobic interactions were found to play a significant role in stabilising all these supramolecular assemblies and the hydrophobic interactions were found to be more prominent in case of complexes of tryptophan and phenylalanine molecules thereby giving most stable interaction with tryptophan molecules. On the basis of quantum-mechanical semi-empirical PM3 studies it was observed that β-CD showed complexation with all the three chiral amino acids studied and the stabilization of the complexes as obtained by calculating stabilization energy values ( Table 2 ) were found to increase in the same order as adsorption affinity. From Table 2 , it can also be inferred that the chiral amino acid which shows highest affinity, also shows the highest stabilization energy. This inference may also be considered reasonable as L-series amino acids were found to penetrate more to the cavity of the CD molecule compared to its D-enantiomer thereby enhancing the interaction sites to come in a more suitable position for interaction.
Conclusion
The results of the investigation revealed some important insights for the adsorption mechanism of certain amino acid enantiomers on β-CD bonded to silica particles. The adsorption equilibrium may well characterized by the Freundlich isotherm. The rates of adsorption appeared to follow pseudo second order model under the experimental conditions used in the study. The adsorption intensity was strongly dependent on the aqueous phase pH and this dependence was typical of the behaviour predicted by a neutral species for all the amino acids on CDS. Adsorption of amino acids on CDS increased in the following order: tyrosine < phenylalanine < tryptophan. Hydrophobicity as well as hydrogen bonding interactions were mainly responsible for such differences in adsorption. Spectroscopic and theoretical studies supported such interactions and indicated that β-CD can bind the amino acids to form supramolecular complexes. Separation of chiral amino acids using CDS depended on the formation of an inclusion complex which was due to the hydrophobic effect, hydrogen bonding interactions between the molecule and secondary hydroxyl groups of the β-CD. This work further suggests that the host-guest interaction which can be postulated from the chemistry of binding mechanism may be used to adsorb amino acid enantiomers selectively onto CDS.
